Edited by Gerald W. Hart O-GlcNAcylation is the covalent addition of an O-linked ␤-Nacetylglucosamine (O-GlcNAc) sugar moiety to hydroxyl groups of serine/threonine residues of cytosolic and nuclear proteins. O-GlcNAcylation, analogous to phosphorylation, plays critical roles in gene expression through direct modification of transcription factors, such as NF-B. Aberrantly increased NF-B O-GlcNAcylation has been linked to NF-B constitutive activation and cancer development. Therefore, it is of a great biological and clinical significance to dissect the molecular mechanisms that tune NF-B activity. Recently, we and others have shown that O-GlcNAcylation affects the phosphorylation and acetylation of NF-B subunit p65/RelA. However, the mechanism of how O-GlcNAcylation activates NF-B signaling through phosphorylation and acetylation is not fully understood. In this study, we mapped O-GlcNAcylation sites of p65 at Thr-305, Ser-319, Ser-337, Thr-352, and Ser-374. O-GlcNAcylation of p65 at Thr-305 and Ser-319 increased CREB-binding protein (CBP)/ p300-dependent activating acetylation of p65 at Lys-310, contributing to NF-B transcriptional activation. Moreover, elevation of O-GlcNAcylation by overexpression of OGT increased the expression of p300, IKK␣, and IKK␤ and promoted IKKmediated activating phosphorylation of p65 at Ser-536, contributing to NF-B activation. In addition, we also identified phosphorylation of p65 at Thr-308, which might impair the O-GlcNAcylation of p65 at Thr-305. These results indicate mechanisms through which both non-pathological and oncogenic O-GlcNAcylation regulate NF-B signaling through interplay with phosphorylation and acetylation.
O-GlcNAcylation is the attachment of the carbohydrate moiety O-linked ␤-N-acetylglucosamine (O-GlcNAc) 3 to ser-ine/threonine residues of cytoplasmic and nuclear proteins (1, 2) . This post-translational modification is reversible and dynamic, its addition catalyzed by O-GlcNAc transferase (OGT) using UDP-GlcNAc as the substrate and its removal catalyzed by O-GlcNAcase (OGA). UDP-GlcNAc is a high-energy end product of the hexosamine biosynthesis pathway that branches from glycolysis, linking cellular metabolism to O-GlcNAcylation (3, 4) . O-GlcNAcylation, analogous to phosphorylation, regulates a variety of cellular processes, including protein trafficking and turnover, cell cycle, gene expression, cellular stress response, and signal transduction (1, 4, 5) . For example, O-GlcNAcylation regulates gene expression through direct modification of transcription factors and co-activators, such as FoxO1 (6, 7) , PGC-1␣ (7, 8) , ChREBP (9) , and NF-B (10, 11) . One mechanism through which O-GlcNAcylation may regulate transcription factors is through competition with phosphorylation at the same site or a nearby site, as in the case of Thr-58 on c-Myc (12) ; Ser-1177 on endothelial nitric oxide synthase (13) ; and Ser-16 on ER-␤ (14) , p53 (15) , and synapsin I (16) .
NF-B is a family of transcription factors including RelA/ p65, RelB, c-Rel/Rel, p105/p50, and p100/p52. They are characterized by an N-terminal Rel-homology domain, which is responsible for DNA binding and dimerization (17) . NF-B controls many biological processes, such as innate immunity, inflammation, cell survival and proliferation, and tumorigenesis (18, 19) . The prototypical NF-B form is the heterodimer p65/p50, which is mainly sequestered in the cytoplasm by inhibitor of NF-B␣ (IB␣) in an inactive state. Upon stimulation by pro-inflammatory cytokines, lipopolysaccharide, or genotoxic agents, signal transduction activates the IKK complex consisting of kinases IKK␣ and IKK␤ and a regulatory subunit, IKK␥. Activated IKK complex then phosphorylates IB␣ at Ser-32 and Ser-36, leading to its polyubiquitination and subsequent proteasomal degradation. Once liberated, the p65/p50 heterodimer translocates to the nucleus and binds to NF-B promoter/enhancer sites, initiating transcription of NF-B target genes through recruitment of the transcriptional co-activator CBP/p300 mediated by interaction with the transcriptional activation domain of p65 (17) .
The transcription of NF-B-regulated genes is further regulated by posttranslational modifications of p65, such as phosphorylation and acetylation. For example, p65 phosphorylation at Ser-276 weakens the intramolecular interaction of p65, thereby facilitating the binding of p65 to co-activator CBP/ p300, which up-regulates NF-B gene transcription at least in part through CBP/p300 acetyltransferase activity (20) . Phosphorylation of p65 Ser-536 also promotes recruitment of CBP/ p300 to p65 (21, 22) . Furthermore, acetylation at Lys-310 of p65 by CBP/p300 is required for full activation of p65 transcription in a manner independent of altered p65 DNA binding or IB␣ association (23) . We and others have shown that O-GlcNAcylation enhances the activity of NF-B in many cell types, including pancreatic cancer cells (10) , vascular smooth muscle cells (24) , and lymphocytes (25) . O-GlcNAc modifies the p65 subunit of NF-B and upstream kinases IKK␣ and IKK␤. Lowering hyper-O-GlcNAcylation in pancreatic cancer cells decreases IKK␤ expression and attenuates p65-activating phosphorylation (Ser-536), nuclear translocation, and NF-B transcriptional activity. Conversely, elevating O-GlcNAc increases IKK␣ and p65 O-GlcNAcylation accompanied by increased IKK-and p65-activating phosphorylation, p65 nuclear localization, and NF-B transcriptional activity (10) . Moreover, O-GlcNAcylation has also been recently shown to facilitate the acetylation of p65 at Lys-310, a known positive regulatory event (26) . However, the mechanism of how O-GlcNAcylation activates NF-B signaling through phosphorylation and acetylation has not been fully elucidated.
Aberrant regulation of NF-B activity has been linked to many human diseases, such as cancer and autoimmune disorders. Therefore, fully elucidating the molecular mechanisms through which O-GlcNAc tunes NF-B activity may have great biological and clinical significance. Here, through strategies of O-GlcNAc site mapping and mutagenesis, we test how NF-B O-GlcNAcylation interplays with phosphorylation and acetylation to regulate the activity of NF-B.
Results

Mapping novel O-GlcNAc modification sites on the NF-B subunit p65
We have shown that cancer cell hyper-O-GlcNAcylation contributes to oncogenic up-regulation of NF-B signaling (10) . Several p65 O-GlcNAc modification sites (including Thr-305, Thr-322, and Thr-352) have been reported (24, 26) . However, little is known about mechanisms through which O-GlcNAcylation up-regulates NF-B activity. To begin to understand possible direct roles for p65 O-GlcNAcylation, we set out to comprehensively map p65 O-GlcNAc sites. We developed two strategies to identify potential additional p65 O-GlcNAc sites. First, either 3xFLAG-tagged human WT p65, serine/threonine to alanine mutants of potential O-GlcNAc sites, or truncation mutants were transiently expressed in HEK 293T cells. To maximize cellular O-GlcNAcylation, we coexpressed OGT and pharmacologically inhibited OGA with NButGT (27) . p65 proteins were immunoprecipitated and subjected to Western blot analysis for O-GlcNAc levels. Additionally, human recombinant full-length p65 or fragments ( Fig. 1) prepared from bacteria or immunoprecipitated from HEK 293T cell lysates were in vitro O-GlcNAcylated by recombinant human OGT, and O-GlcNAc levels were detected by immunoblotting. As shown in Fig. 1A , mutating Thr-305 to alanine decreased O-GlcNAc levels on a p65 T322A/T352A double mutant, suggesting that Thr-305 is a p65 O-GlcNAc site. O-GlcNAc levels on p65(2-518) T322A/T352A were not reduced by further truncation to residues 2-450, suggesting an absence of O-GlcNAc sites between residues 450 and 518 ( Fig.  1B) . O-GlcNAcylation was not observed on an N-terminal p65 fragment (residues 2-280) (Fig. 1C) or a very C-terminal p65 fragment (residues 431-551) ( Fig. 1D ), suggesting an absence of O-GlcNAc sites in these regions. A p65 fragment (residues 2-450) containing mutations of all known O-GlcNAc sites in this region (T305A/T308A/T322A/T352A) was expressed in 293T cells, and O-GlcNAc signal was detected on this quadruple mutant when co-expressed with OGT in 293T cells (Fig.  1E ). These results suggested that additional O-GlcNAc sites occur in the region from amino acid 280 to 430. Therefore, a series of truncation mutants between amino acids 321 and 450 were made to help localize additional novel O-GlcNAc sites. Deletion of amino acids from 360 to 421 significantly reduced O-GlcNAcylation ( Fig. 1F ), indicating potential O-GlcNAc sites in this region. We next individually mutated each serine or threonine residue in the region spanning 360 -421 to alanine on the background of the quadruple mutant p65(2-450) T305A/T308A/T322A/T352A. Replacing Ser-374 or Ser-377 with alanine strongly reduced O-GlcNAc levels ( Fig. 1G ). Moreover, O-GlcNAc was detected on p65(2-321) T305A/ T308A, but not on p65(2-313) T305A/T308A (Fig. 1 , F and H), suggesting that a potential O-GlcNAc site(s) existed between residues 313 and 321. Further mutational analysis revealed that S319A mutation completely abolished O-GlcNAcylation on p65(2-321) T305A/T308A (Fig. 1I ). These results indicate that Ser-319, Ser-374, and Ser-377 are probably novel p65 O-GlcNAc sites in addition to previously reported p65 O-GlcNAc sites (Thr-305, Thr-322, and Thr-352).
O-GlcNAc site mapping on p65 by mass spectrometry
To confirm O-GlcNAc modification sites indicated from mutagenesis and truncation studies, we employed mass spectrometry (MS) to attempt direct experimental observation of p65 site-specific O-GlcNAcylation on proteolyzed peptides of p65. Our initial attempts using trypsin proteolysis of in vitro O-GlcNAcylated full-length recombinant p65 failed to identify any O-GlcNAc sites. O-GlcNAc sites indicated by truncation and mutagenesis analysis reside in three distinct regions (residues 301-323, 334 -357, and 361-381). In silico digestion of the protein using MS-Digest (28) showed that trypsin would produce either very short or very long peptides in these regions, but chymotrypsin and chemical cleavage using CNBr should generate peptides of a size amenable to MS analysis of the three O-GlcNAc-modified regions of interest. For MS analysis, in vivo O-GlcNAcylated 3xFLAG-tagged p65(2-450) was immunoprecipitated and in-gel-digested with chymotrypsin or CNBr and then using higher-energy collision dissociation (HCD) and electron transfer dissociation (ETD) mass spectrometry fragmentation approaches to target O-GlcNAc site mapping (29) .
We were able to unambiguously map O-GlcNAc on Ser-337 ( Fig. 2A ) and Ser-374 ( Fig. 2B ). O-GlcNAc was also present between residues 352 and 357 ( Fig. 2C ). Based on our site mapping results and previously reported results, we reasoned that p65 could be O-GlcNAc-modified on Thr-305, Ser-319, Ser-337, Thr-352, and Ser-374. To further verify these sites, we individually mutated Thr-305, Thr-308, Ser-319, Thr-322, Ser-337, Thr-352, or Ser-374 to alanine on full-length p65 and tested O-GlcNAcylation levels on these mutants. Consistent with MS data, mutants S319A, S337A, T352A, and S374A showed reduced levels of O-GlcNAcylation compared with WT ( Fig. 2D ). Unexpectedly, mutants T305A, T308A, and T322A did not display a decrease in O-GlcNAcylation (Fig. 2D ). Given that Thr-305 is well conserved across species ( Fig. 2E ) and mutating Thr-305 into alanine markedly decreased the O-GlcNAc level on p65 T322A/T352A double mutant ( Fig. 1A) , we reasoned that loss of O-GlcNAc on Thr-305 on mutant p65 T305A could be compensated by increased O-GlcNAcylation on Thr-352 in our system. Consistent with this hypothesis, mutating Thr-352 into alanine on mutant p65 T305A dramatically reduced the level of O-GlcNAcylation compared with parent mutant p65 T305A ( Fig. 3C ), suggesting that O-GlcNAc on Thr-352 contributes to the increased O-GlcNAcylation on p65 T305A compared with WT p65. Mutant p65 T305A/ T352A also displayed a lower level of O-GlcNAcylation compared with mutant p65 T352A ( Fig. 3C ), further supporting the conclusion that Thr-305 can be O-GlcNAcylated. Taken together, p65 could be O-GlcNAc-modified at least on Thr-305, Ser-319, Ser-337, Thr-352, and Ser-374.
O-GlcNAc modification of p65 Thr-305 contributes to NF-B transcriptional activity
To investigate p65 O-GlcNAc site-specific roles, p65 constructs with O-GlcNAc sites individually mutated to alanine were co-expressed with IB␣ in p65-deficient MEF cells, and NF-B transcriptional activity was accessed using a B luciferase reporter assay. Mutant p65 T305A displayed reduced transcriptional activity basally and in response to OGT overexpression-induced elevated O-GlcNAcylation, whereas O-GlcNAc mutants S319A, S337A, T352A, and S374A displayed no change in NF-B activity (Fig. 3, A and B) . Moreover, the T305A mutation on a background of the T352A mutation reduced O-GlcNAc levels and led to reduced NF-B transcrip-tional activity compared with WT p65 or mutant p65 T352A ( Fig. 3D ), further supporting the conclusion that Thr-305 O-GlcNAcylation on p65 contributes to NF-B transcriptional activity.
O-GlcNAcylation of Thr-305 on p65 does not prevent its reassembly with IB␣
A possible regulatory mechanism for how p65 Thr-305 O-GlcNAcylation positively regulates NF-B activity is inhibition of NF-B p65/p50 heterodimer binding to its known inhibitor protein IB␣. The crystal structure of the p65/p50 heterodimer bound to IB␣ reveals that p65 Thr-305 forms a hydrogen bond with His-84 of IB␣ (30), probably representing a key contact that contributes to formation of the complex (Fig. 4A ). This led us to hypothesize that p65 Thr-305 O-GlcNAcylation might interfere through steric hindrance with this hydrogen bonding as a mechanism inhibiting p65 binding to IB␣, thereby increasing NF-B transcriptional activity. To test this hypothesis, WT p65(2-450) or p65(2-450) T305A mutant were transfected into 293T cells along with HA-OGT, and levels of IB␣ associated with immunoprecipitated p65 were determined by Western blotting. The p65 T305A mutation did not alter levels of IB␣ association ( Fig.  4B ). Similar results were obtained using full-length WT versus T305A p65 expressed in 293T cells ( Fig. 4C ). We further tested this hypothesis in vitro. Recombinant p65(2-313) prepared from bacteria was in vitro O-GlcNAcylated (Fig. 4D ). Non-O-GlcNAcylated or in vitro O-GlcNAcylated p65(2-313) was incubated with recombinant IB␣, and levels of IB␣ association were determined. In vitro p65 O-GlcNAcylation did not alter levels of IB␣ association (Fig. 4E ). These results suggest that inhibition of p65 association with IB␣ is not a mechanism through which p65 Thr-305 O-GlcNAcylation increases NF-B activity.
Thr-305 and Ser-319 O-GlcNAcylation contributes to activating acetylation of p65 at Lys-310 by p300
It has been reported that O-GlcNAcylation promotes p300mediated activating acetylation of Lys-310 on p65, but mechanisms underlying this are not fully understood (26) . Therefore, we examined potential roles of p65 Thr-305 O-GlcNAcylation specifically in p65 Lys-310 acetylation. WT p65 or O-GlcNAc site mutants and p300 were co-transfected into HEK 293T cells
Figure 1. Identification of O-GlcNAcylation sites on the NF-B subunit p65 by site-directed mutagenesis and truncation analysis.
A, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged p65 T322A/T352A or 3xFLAG-tagged p65 T305A/T322A/T352A together with the HA-OGT expression plasmid and then treated with the OGA inhibitor NButGT (50 M) overnight. FLAG-p65 was immunoprecipitated with the anti-FLAG antibody and blotted for O-GlcNAc. G250 was used to stain for total p65. B, HEK 293T cells were cotransfected with the indicated FLAG-tagged p65 plasmids (2-450, 2-450 T322A/ T352A, or 2-518 T322A/T352A) and the HA-OGT plasmid and then incubated overnight with NButGT. FLAG immunoprecipitates were blotted for O-GlcNAc. G250 was used to stain for total p65. C, HEK 293T cells were transfected with the indicated FLAG-p65 constructs (2-153, 2-213, 2-280, or 2-313). FLAG-tagged p65 was immunoprecipitated and O-GlcNAcylated with Rec OGT in vitro. O-GlcNAc was detected by Western blotting. D, recombinant p65 fragments (2-313 and 431-551) prepared from bacteria were O-GlcNAcylated with Rec OGT in vitro. O-GlcNAc was detected by Western blotting. E, HEK 293T cells were transfected with the indicated FLAG-tagged p65(2-450) plasmids containing either T322A/T352A, T305A/T322A/T352A, or T305A/T308A/T322A/T352A mutations together with the HA-OGT plasmid and then incubated overnight with NButGT. FLAG immunoprecipitates were blotted for O-GlcNAc. G250 was used to stain for total p65. F, HEK 293T cells were cotransfected with the various indicated plasmids expressing FLAG-tagged p65 mutants and the HA-OGT plasmid. O-GlcNAc was detected as above (left) and quantified by normalization to total p65 (right). G, HEK 293T cells were transfected with plasmids expressing either FLAG-tagged p65(2-450) T305A/T308A/T322A/T352A or p65(2-450) T305A/T308A/T322A/T352A with additional mutations of T365A, S370A, S374A, S377A, or S401A together with the HA-OGT plasmid and then incubated overnight with NButGT. O-GlcNAc was detected as in A. H, HEK 293T cells were cotransfected with the various indicated plasmids expressing FLAG-tagged p65 mutants and the HA-OGT plasmid. O-GlcNAc was detected as in A. I, HEK 293T cells were transfected with plasmids expressing either FLAG-tagged p65(2-321) T305A/T308A or p65(2-321) with additional mutations of S311A, S316A, or S319A together with the HA-OGT plasmid and then incubated overnight with NButGT. O-GlcNAc was detected as in A. Short, short exposure; Long, long exposure; #, nonspecific bands; §, O-GlcNAc-modified p65; *, recombinant p65 fragments.
along with HA-OGT. Consistent with previous results, we found that acetylation of Lys-310 induced by p300 was enhanced by elevation of O-GlcNAc through OGT overexpression and/or NButGT inhibition of OGA ( Fig. 5A ). Mutation of p65 Thr-305 to alanine attenuated Lys-310 acetylation by p300/ CBP (Fig. 5, B and E), indicating an important role for p65 Thr-305 O-GlcNAcylation in Lys-310 acetylation. Lys-310 acetylation was also found to be modestly impaired on the p65 S319A mutant, but other p65 O-GlcNAc site mutants (S337A, T352A, and S374A) did not affect Lys-310 acetylation (Fig. 5C ). Thr-305 has been shown to be phosphorylated by MS (31) , but the functional significance of this is not known. To rule out the possibility that the effects of p65 T305A mutant were due to loss of phosphorylation, mutants that mimic constitutive phosphorylation (T305E and T305D) were generated and tested for Lys-310 acetylation and NF-B luciferase activity. If loss of phosphorylation resulted in T305A phenotypes, then T305E/D phosphorylation mimics may be expected to increase Lys-310 acetylation and NF-B transcriptional activity, provided that T305E and T305D effectively mimic phosphorylation. However, the p65 mutants T305E and T305D displayed impaired acetylation of p65 at Lys-310 ( Fig. 5B ) and reduced transcriptional activity ( Fig. 5D ) similar to p65 T305A, supporting the conclusion that loss of O-GlcNAc specifically at Thr-305 accounts for reduced transcriptional activity of NF-B. In addition, we found that overexpression of OGT led to increased expression of p300 in transiently transfected HEK 293T cells (Fig. 5F ), which to some extent may explain how elevation of O-GlcNAcylation by overexpression of OGT increases activating acetylation of p65 at Lys-310 by CBP/p300.
Thr-308 is phosphorylated, and phosphorylation of Thr-308 may impair the O-GlcNAcylation of Thr-305
Phosphorylation of p65 on Thr-305 and Thr-308 has previously been detected by MS (31), but there is no biochemical or functional data on these phosphorylation events. To validate whether these two sites are phosphorylated in vivo, WT p65 or mutants T305A, T308A, T322A, T352A, and T308A/T322A/ T352A were transfected into HEK 293T cells, and phosphorylation was induced by treatment with the phosphatase inhibitor calyculin A. FLAG-tagged p65 was immunoprecipitated, and phosphorylation of p65 was then detected by an anti-phosphothreonine antibody. Compared with WT p65, phosphorylation on mutants T308A and T308A/T322A/T352A was reduced about 20%, but not on mutants T305A, T322A, and T352A ( Fig.  6A ), suggesting that Thr-308 is a potential phosphorylation site. To further examine phosphorylation of this site, SDS-PAGE Figure 2 . Mass spectrometry analysis of O-GlcNAcylation sites on the NF-B subunit p65. A-C, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged p65(2-450) together with the HA-OGT plasmid and then incubated overnight with NButGT. FLAG immunoprecipitates were digested with chymotrypsin in A and cyanogen bromide in B and C and subjected to HCD and ETD analysis. Representative mass spectra are shown. D, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, T305A, T308A, S316A, S319A, T322A, S337A, T352A, S374A, or S377A together with the HA-OGT plasmid and then incubated overnight with NButGT. FLAG-tagged p65 was immunoprecipitated, and O-GlcNAc was detected by Western blotting and normalized to total p65. The result represents two independent experiments. E, multiple-sequence alignment of p65 from human, chimpanzee, mouse, and naked mole rat shows the conservation of Thr-305 and Thr-308 numbered in human p65.
containing phos-tag TM , a molecule that specifically captures phosphomonoester dianions (ROPO 3 2Ϫ ) and thus slows the migration of phosphorylated proteins in polyacrylamide gels (32) , was used to detect phosphorylated p65. Compared with WT p65, the high-mobility shift of mutant T308A was not detected (Fig. 6B) , and the ratio of phosphorylated p65 to nonphosphorylated p65 in mutant T308A was reduced, suggesting that p65 Thr-308 is phosphorylated in response to calyculin A treatment. Given the proximity of Thr-308 to Thr-305, we considered that Thr-308 phosphorylation may affect Thr-305 O-GlcNAcylation. To test this, phosphomimic mutant p65(2-450) T308E was generated and transfected into 293T cells along with HA-OGT. Compared with WT p65(2-450), T308E mutant, similar to T305A mutant, exhibited a lower level of O-GlcNAcylation (Fig. 6C) . Moreover, mutating Thr-305 into alanine on the background of T308E (T305A/T308E) did not further reduce the O-GlcNAc level compared with phosphomimic mutant T308E (Fig. 6C) , indicating that phosphorylation of Thr-308 on p65 may interfere with the O-GlcNAcylation of Thr-305. However, gain or loss of phosphorylation on Thr-308 (mutants T308E and T308A) did not affect the acetylation of p65 at Lys-310 by p300 (Fig. 6D) .
O-GlcNAcylation enhances IKK-mediated phosphorylation of p65 at Ser-536
We have shown that O-GlcNAcylation up-regulates Ser-536, activating phosphorylation on p65 in pancreatic cancer BxPC-3 cells (10). The IKK kinase complex is known to phosphorylate p65 Ser-536. To further dissect which kinases are responsible for increased p65 Ser-536 phosphorylation in response to increased O-GlcNAcylation, IKK␣ or IKK␤ together with FLAG-tagged p65 were co-transfected into HEK 293T cells along with HA-OGT. Both IKK␣ and IKK␤ increased the phosphorylation of p65 at Ser-536 compared with control vector (Fig. 7A ). Moreover, elevation of O-GlcNAcylation by overexpression of OGT could further drive the phosphorylation of Ser-536, suggesting that both IKK kinases could mediate phosphorylation in response to increased O-GlcNAcylation (Fig.  7A) . Interestingly, we found that overexpression of OGT increased the expression of IKK␣ and IKK␤, which indicates a mechanism probably contributing to how elevation of O-GlcNAcylation increases activating phosphorylation of p65 on Ser-536. To examine whether direct O-GlcNAcylation of p65 contributes to IKK-mediated phosphorylation of Ser-536, FLAG-tagged WT p65, T305A, S319A, S337A, T352A, or S374A was transfected into HEK 293T cells along with HA-OGT and IKK␣. We found that loss of O-GlcNAc on Thr-305, Ser-319, Ser-337, Thr-352, and Ser-374 did not affect the IKKmediated phosphorylation of p65 at Ser-536 (Fig. 7, B-D) .
Discussion
We and others have shown that O-GlcNAcylation promotes NF-B activity in a variety of cell lines and that O-GlcNAcylation increases the activating phosphorylation of Ser-536 and acetylation of Lys-310 on p65 (10, 24 -26) . However, the underlying mechanisms for NF-B activation by O-GlcNAcylation through interplay with phosphorylation and acetylation are not fully understood. In this study, we found that p65 was O-GlcNAcylated at Thr-305, Ser-319, Ser-337, Thr-352, and Ser-374 and phosphorylated at Thr-308; that O-GlcNAcylation of p65 at Thr-305 and Ser-319 increased CBP/p300-mediated activating acetylation of p65 at Lys-310; and that O-GlcNAcylationpromotedIKK-mediatedactivatingphosphorylation of p65 at Ser-536.
It is well known that post-translational modifications including phosphorylation, acetylation, and methylation can regulate NF-B activity and that the interplay between phosphorylation, acetylation, and methylation can fine-tune NF-B signaling (33) . This led us to reason that O-GlcNAcylation may regulate NF-B activity through direct modification of p65.
Thus, identification of O-GlcNAcylation sites on p65 is the first step to understand the mechanisms of how O-GlcNAcylation regulates NF-B activity. To comprehensively map O-GlcNAcylation sites on p65, we employed truncation, site-directed mutagenesis, and MS and identified new O-GlcNAc sites at Ser-337, Thr-352, and Ser-374. We also for the first time-mapped O-GlcNAc modification of Ser-319 and Thr-305 on full-length p65 using site-directed mutagenesis. In addition, we have shown that Thr-308 and Ser-377 are potential O-GlcNAc sites (Figs. 1G, 2D, and 6C) according to the mutagenesis. However, we do not have MS or functional data to support O-GlcNAcylation of these sites. Replacing Thr-305 with alanine decreased the O-GlcNAc level on p65(2-450) and p65 T322A/T352A mutants. Interestingly, the level of O-GlcNAcylation on p65 T305A single mutant was not reduced compared with WT p65. To resolve this paradox, we The structure in the box shows the interactions between NLS of p65 and ankyrin repeat 1 of IB␣. Thr-305 sits right after the nuclear localization signal of p65 between helix 3 and helix 4 and forms a hydrogen bond with His-84 on IB␣. B, HEK 293T cells were cotransfected with plasmids expressing 3xFLAG-tagged p65 or T305A and the HA-OGT plasmid and then incubated overnight with NButGT. FLAG-tagged p65 was immunoprecipitated, and O-GlcNAc and p65-associated IB␣ were detected by immunoblotting and quantified. Whole-cell lysates were also subjected to Western blot analysis using the indicated antibodies. C, HEK 293T cells were cotransfected with plasmids expressing 3xFLAG-tagged p65 or T305A and the HA-OGT plasmid and then incubated overnight with NButGT. FLAG-tagged p65 was immunoprecipitated, and O-GlcNAc and p65-associated IB␣ were detected by immunoblotting. D, recombinant p65 fragment 2-313 prepared from bacteria was O-GlcNAcylated with Rec OGT in vitro. O-GlcNAcylated p65 was detected by Western blot. E, modified or unmodified p65 from D was incubated with recombinant IB␣ for 2 h at 4°C. p65 was immunoprecipitated, and associated IB␣ was detected by immunoblotting and quantified. The experiments were repeated twice with similar results.
found that elimination of O-GlcNAcylation at Thr-305 could be compensated by increased O-GlcNAcylation at Thr-352. Likewise, increased O-GlcNAcylation on Thr-308 and Thr-322 is probably due to overcompensation for loss of other O-GlcNAc sites (Fig. 2D) . This result raises a caveat that O-GlcNAcylation site mapping only by site-directed mutagenesis could be inadequate and may need to be complemented by other means, such as MS. It is also worth noting that truncation mutants p65(2-313) and p65(2-351) T305A/T308A/T322A were not observed to be O-GlcNAcylated (Fig. 1H ) in our experimental setting, demonstrating that truncation and mutational mapping can miss modifications, possibly due to altered cellular localization or protein folding.
To elucidate which O-GlcNAcylation sites are functional, we screened the transcriptional activity of WT p65 and O-GlcNAc site mutants using an IB␣ promoter luciferase reporter assay. Mutant p65 T305A displayed reduced transcriptional activity at both basal and elevated O-GlcNAcylation levels, whereas other O-GlcNAc mutants S319A, S337A, T352A, and S374A did not display altered activity. It has been reported that mutant p65 T352A attenuates the binding of p65 to the promoters of IL-6, TNF-1␣, and MCP1 and lowers target gene mRNA expression of IL-6 and TNF-1␣ in MEF cells compared with WT p65 (34) . Results of that study are not consistent with our observation that mutant T352A did not reduce NF-B transcriptional activity. However, our study examines mutant effects on a distinct promoter (IB␣ promoter), perhaps explaining the potential discrepancy. Moreover, mutant p65 T305A displayed attenuated p300-dependent activating acetylation of p65 at Lys-310. This result is consistent with a previous report that Thr-305 is important for acetylation of Lys-310 by p300, NF-B-dependent gene expression, and cell survival in MEF cells (26) . In addition to Thr-305, we found that the O-GlcNAcylation site Ser-319 contributed to p300-mediated acetylation of p65 at Lys-310. It is worth noting that Lys-314 and Lys-315 have also been shown to be acetylated by p300/CBP to regulate a specific set of NF-B target genes after TNF␣ stimulation (35, 36) . It is therefore possible that O-GlcNAcylation on Thr-305 and/or Ser-319 contributes to the acetylation of p65 at Lys-314 and Lys-315 by p300. Finally, known p300 non-histone substrates, including p53, p73, c-Myb, androgen receptor, and p300, have potential Ser/Thr O-GlcNAc modification sites five residues away from p300 acetylation sites (37) , suggesting potential interplay between O-GlcNAcylation and acetylation on these proteins.
Thr-305 and Thr-308 have been identified as phosphorylated by MS (31), but they have not been validated, and the function of phosphorylation was unknown. Here, we provided evidence that Thr-308 was phosphorylated in response to phosphatase inhibitor calyculin A, whereas Thr-305, Thr-322, and Thr-352 were not. Considering the proximity of Thr-308 to Thr-305, we reasoned that there could be interplay between phosphorylation of Thr-308 and O-GlcNAcylation of Thr-305. Indeed, we found that phosphorylation of Thr-308 led to decreased O-GlcNAcylation on p65, which might be due to interference with Thr-305 O-GlcNAcylation. In support of this, it has been reported that O-GlcNAcylation of p53 at Ser-149 inhibits the phosphorylation of p53 at Thr-155, thereby stabilizing p53 by blocking the proteasomal degradation induced by COP9 signalosome that recognizes the phosphorylation at Thr-155 (15) . To identify the kinase responsible for the phosphorylation of Thr-308, we searched the protein motif database Scansite with the p65 sequence. PKC was shown to be the only putative kinase targeting Thr-308 for phosphorylation at low stringency. Future studies will investigate whether any PKC isoforms could phosphorylate Thr-308 of p65. In addition, we found that phosphorylation mimic mutant T308E did not affect the acetylation of p65 at Lys-310 by p300 (Fig. 6D) . Given that mutant p65 T308E reduced O-GlcNAc on p65 Thr-305 ( Fig. 6C) , this suggests that a role of Thr-308 phosphorylation could be suppressed by loss of O-GlcNAc on p65. Synthesized peptides with distinct phosphorylation/O-GlcNAc modifications could be used in future studies to further help dissect effects on acetylation. Likewise, Ser-316 of p65 has been reported to be phosphorylated in response to IL-1␤ (38) . It remains to be determined whether Ser-319 O-GlcNAcylation interplays with Ser-316 phosphorylation.
In the crystal structure of p65/p50 heterodimer complexed with IB␣ (30), Thr-305 is proximal to a nuclear localization signal of p65 between helix 3 and helix 4 and forms a hydrogen bond with His-84 on IB␣ (Fig. 4A ), probably contributing to the affinity of p65 for IB␣. Because Thr-305 was found to be O-GlcNAcylated, this led us to hypothesize that O-GlcNAcylation of Thr-305 could prevent the association of p65 with IB␣ resulting from the steric hindrance of the O-GlcNAc moiety, thereby increasing the transcriptional activity of p65. Besides this hydrogen bond, the interaction between p65/p50 heterodimer and IB␣ is also stabilized by the salt bridges between Lys-301, Arg-302, and Arg-304 in p65 and Asp-75, Glu-85, and Asp-73 in IB␣ and a set of hydrophobic interactions among Phe-309, Ile-312, Met-313, and Phe-318 in p65 and Phe-77, Leu-80, Ala-81, Leu-89, and Val-93 in IB␣ (30) . Consistent with this, mutating Arg-304 into alanine in p65 reduced IB␣-NF-B binding affinity by 2.2-fold measured by surface plasmon resonance (39) and at least by 30-fold for F309A measured by isothermal titration calorimetry (40) . In this present study, we tested whether O-GlcNAcylation on Thr-305 could reduce the affinity of p65 to IB␣. Although mutating Thr-305 into alanine did not affect the association of p65 with IB␣ using immunoprecipitation, future studies will further ascertain the effect of O-GlcNAcylation of p65 at Thr-305 on the association of p65 to IB␣ using surface plasmon resonance and isothermal titration calorimetry in the form of synthesized O-GlcNAc-modified peptides. Figure 5 . O-GlcNAcylation of p65 at Thr-305 promotes the acetylation of p65 at Lys-310. A, HEK 293T cells were cotransfected with 3xFLAG-tagged p65, p300, and HA-OGT and treated with NButGT overnight. FLAG immunoprecipitates were immunoblotted for acetylation of p65 at Lys-310 (AcK310) and O-GlcNAc. B, HEK 293T cells were cotransfected with plasmids expressing 3xFLAG-tagged WT p65, T305A, T305D, or T305E and the p300 plasmid. FLAG-tagged p65 was immunoprecipitated and immunoblotted with acetylated Lys-310. Whole-cell lysates were also subjected to Western blot analysis using the indicated antibodies. C, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, S374A, T352A, S337A, or S319A together with plasmids expressing p300 and HA-OGT and then incubated overnight with NButGT. FLAG-tagged p65 was immunoprecipitated and immunoblotted with acetylated Lys-310. D, NF-B p65-deficient MEF cells were transfected with plasmids expressing IB␣ and 3xFLAG-tagged WT p65, T305A, T305D, T305E, or vector together with NF-B luciferase and Renilla luciferase reporter vectors. The luciferase activity relative to WT p65 was measured 24 h later and normalized with the Renilla activity. Data represent mean and S.D. (error bars) of at least three independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01. E, HEK 293T cells were cotransfected with plasmids expressing 3xFLAG-tagged WT p65 or T305A and the FLAG-CBP-HA plasmid. Whole-cell lysates were subjected to Western blot analysis using the indicated antibodies. F, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged p65 together with plasmids expressing HA-OGT and p300 (pcDNA-p300) or p300-HA (pCMV␤-p300-HA) and immunoblotted with acetylated Lys-310. Whole-cell lysates were subjected to Western blot analysis using indicated antibodies. The experiments were repeated twice with similar results. . NF-B subunit p65 is phosphorylated at Thr-308, and phosphorylation on Thr-308 interferes with Thr-305 O-GlcNAcylation. A, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, T305A, T308A, T322A, T352A, or T308A/T322A/T352A. After 48 h, cells were treated with calyculin A (100 nM) for 30 min. FLAG-tagged p65 was immunoprecipitated, immunoblotted with an anti-threonine antibody, and quantified by normalization to WT p65. B, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, T305A, or T308A. After 48 h, cells were treated with calyculin A (100 nM) for 30 min. FLAG-tagged p65 was immunoprecipitated and subjected to SDS-PAGE containing 50 M phos-tag TM . -Fold changes of phosphorylated p65 to non-phosphorylated p65 were quantified and normalized to WT p65. C, plasmids expressing 3xFLAG-tagged p65(2-450), T305A, T308E, T308A, T305A/T308E, or T305A/T308A together with the HA-OGT plasmid were transfected into HEK 293T cells. FLAG-tagged p65 were immunoprecipitated, and O-GlcNAc and p65 were detected by Western blotting. Quantification was normalized to total p65. D, HEK 293T cells were cotransfected with plasmids expressing 3xFLAG-tagged p65(2-450), T308A, T308E, and the p300 plasmid. Whole-cell lysates were also subjected to Western blot analysis using the indicated antibodies. The experiments were repeated twice, and representative results are shown.
We have shown that elevated O-GlcNAcylation increases the phosphorylation of p65 at Ser-536 (10) . In line with the notion that IKK␣ and IKK␤ are the major kinases to phosphorylate Ser-536 in response to different stimuli, we found that both IKK␣ and IKK␤ could mediate the phosphorylation of Ser-536 on p65 in response to increased O-GlcNAcylation. Furthermore, elevation of O-GlcNAcylation increased the expression of IKK␣ and IKK␤. Because we and others have shown that both IKK␣ and IKK␤ are O-GlcNAc-modified (10, 41) , future studies will investigate the mechanism of how O-GlcNAcylation regulates the expression of IKK␣ and IKK␤.
It has been shown that O-GlcNAc modifies p65 and that O-GlcNAcylation is required for the activation of T and B lymphocytes (25) . However, the mechanisms of how O-GlcNAcylation promotes the activation of T and B lymphocytes are unknown. Recently, another study has reported that c-Rel complexed with p65 is the major O-GlcNAcylated protein in lymphocytes and that O-GlcNAcylation of c-Rel (Q04864-2) at Ser-350 increases c-Rel-mediated gene expression of the cytokines IL-2, IFNG, and CSF2 in response to T cell receptor activation (42) . Sequence alignment revealed that O-GlcNAcylation site Ser-374 in p65 is conserved with the site Ser-350 in c-Rel. Given the functional role of Ser-350 in c-Rel, it is very likely that O-GlcNAcylation of Ser-374 in p65 plays a role in the activation of lymphocytes, although we did not find that O-GlcNAcylation of Ser-374 affected NF-B luciferase activity in MEF cells without stimuli. Future studies will investigate the effect of O-GlcNAcylation on p65 Ser-374 for lymphocyte activation.
In summary, we have identified that p65 is O-GlcNAcmodified at Thr-305, Ser-319, Ser-337, Thr-352, and Ser-374 and phosphorylated at Thr-308. O-GlcNAcylation of Thr-305 and Ser-319 contributes to the p300-dependent activating acetylation of p65 at Lys-310. In addition, elevation of O-GlcNAcylation increases the IKK-mediated phosphorylation of Ser-536. Thus, interplay between elevation of O-GlcNAcylation and increased activating p65 phosphorylation and acetylation positively regulates the activity of NF-B.
Experimental procedures
Antibodies and reagents
Anti-O-GlcNAc antibody (CTD 110.6) has been described previously (19) . The OGA inhibitor NButGT was prepared as A, HEK 293T cells were transfected with the plasmid expressing 3xFLAG-tagged p65 together with plasmids encoding HA-OGT and 3xHA-IKK␣ or 3xHA-IKK␤. After 48 h, FLAG-tagged p65 was immunoprecipitated and immunoblotted with phospho-Ser-536 of p65. Whole-cell lysates were also subjected to Western blot analysis using the indicated antibodies. B-D, HEK 293T cells were transfected with plasmids expressing 3xFLAG-tagged WT p65, S374A, T352A, S337A, S319A, or T305A together with plasmids expressing 3xHA-IKK␣ and HA-OGT. Whole-cell lysates were subjected to Western blot analysis using the indicated antibodies. The result represents two independent experiments. employed in the ETD analysis to improve fragmentation. Dynamic exclusion for 60 s was employed to prevent repeated analysis of the same components.
Statistical analysis
All of the quantitative data are presented as means Ϯ S.D. The statistical significance of differences was determined using Student's two-tailed t test in two groups and one-way analysis of variance in multiple groups. A p value Յ 0.05 was considered statistically significant.
